ABSTRACT The S2 state electron paramagnetic resonance (EPR) multiline signal of Photosystem 11 has been simulated at Q-band (35 Ghz), X-band (9 GHz) and S-band (4 GHz) frequencies. The 
INTRODUCTION
The Oxygen Evolving Center (OEC) of Photosystem II (PSII) catalyzes the oxidation of water to molecular oxygen. The OEC contains four manganese ions, and water molecules are known to be associated with this Mn cluster (Hansson et al., 1986) . A photon of light causes the oxidation of the PSII reaction center chlorophyll a molecule (P680). The reaction center is subsequently reduced by an electron from the OEC. The total energy necessary to split water is accumulated in a four-step process, each electron removed resulting in an intermediate oxidation state of the OEC, the so-called S-states, labeled SO-S4 (Kok et al., 1970) . Molecular oxygen is released after the fourth electron is removed, in the S4 state, and the cycle repeats. In the dark, the OEC relaxes to the S, state. Continuous illumination of PSII particles in the Si state at 200 K generates the S2 state without further advancement.
The S2 state is paramagnetic and gives rise to two characteristic electron paramagnetic resonance (EPR) signals, a Mn hyperfine structured signal (the "multiline") centered around g = 2, and a broad, unresolved signal centered around g = 4 (the "4.1 signal"). Temperature dependence studies of these EPR signals are consistent with the multiline signal arising from an S = 1/2 ground state (Pace et al., 1991 ). An estimate of the antiferromagnetic exchange coupling (J) of the multiline signal in the presence of alcohol (-4% to the PSII sample buffer) gives J > 10 cm-' (Pace et al., 1991) . Britt and coworkers have confirmed that the multiline signal arises from a ground spin state (Britt et al., 1992; Lorigan and Britt, 1994) , and this conclusion is now accepted. For a general overview see reviews by Debus (1992) and Hansson and Wydrzynski (1990) .
Based on comparisons with model compounds (Dismukes and Siderer, 1981 ) and x-ray K-shell absorption studies (Goodin et al., 1984) the OEC is thought to consist of a pair of di-,u-oxo bridged Mn dimers organized in an as-yetundetermined geometry. It is generally accepted that in the S2 state, one pair of Mn ions differ in oxidation state by one (e.g., MnII,-Mnv) and are antiferromagnetically coupled, yielding a net spin of 1/2. The other pair is assumed to be Mn"'I-Mn'' or MnIV-MnIv, yielding a net spin of 0. Suitably weak interactions between the two pairs yield a system with spin 1/2 ground state (Liang et al., 1994) .
Comparison of the multiline signal with X-band (-9 GHz)
EPR spectra of dimeric model compounds reveals that the the multiline signal is more complex: it exhibits detailed internal "superhyperfine" structure and more than the 16 peaks generally observed in model compounds. Of particular note are the peaks of low, variable intensity beyond the commonly recognized width of -180 mT (>18-20 peaks). The multiline Q-band (-35 GHz) spectrum shows the same number of peaks (Smith et al., 1993) , but less of the superhyperfine structure, reflecting both linewidth effects and the increasing dominance of the Zeeman interaction at high microwave frequency. At lower frequencies, such as S-band (-4 GHz), the hyperfine interactions are relatively more important. The multiline spectrum at S-band is particularly complex, exhibiting -50 lines. The resolved superhyperfine structure of the multiline signal cannot be attributed to ligand hyperfine interactions with protons or nitrogen from the protein matrix, nor with chloride that may be associated with oxygen evolution (DeRose et al., 1991; Yachandra et al., 1986; Andreasson, 1989; Haddy et al., 1989) . Individual (Brudvig, 1989) . Haddy et al. (1994) have studied the EPR spectra of Mn"'-Mn"v catalase at three frequencies (S-band, X-band, and P-band, -15 GHz). Like model compounds, the catalase spectrum shows 16 peaks at X-band. The S-band spectrum (-20 peaks) does not exhibit the same complexity as the S-band of the PSII multiline signal. In fact, it is remarkably similar to the spectra at both X-and P-band. The additional complexity of the PSII S-band multiline signal, however, cannot be explained simply by a linewidth effect, nor can it be adequately explained in terms of hyperfine anisotropy alone.
The above factors have led to the belief that all four Mn ions give rise to the multiline pattern, with each Mn ion contributing substantially different effective hyperfine interactions to the total net spin = 1/2 system. Simulations based on the above assumption have appeared (Bonvoisin et al., 1992; Kusonoki, 1992; Zheng and Dismukes, 1992) . The simulations, with the exception of those by Kusonoki et al., have been performed at X-band only, and no attempt has yet been made to address the superhyperfine structure or additional peaks. Even though oriented spectra at X-band (Rutherford, 1985) and S-band (Haddy et al., 1989) have shown that substantial hyperfine anisotropy exists in the center giving rise to the multiline signal, the simulations have been confined to isotropic (Bonvoisin et al., 1992;  Kusonoki, 1992) or axial hyperfine parameters (Zheng et al., 1994) .
Synthetic complexes of multimeric Mn have been prepared that attempt to model aspects of the structural organization and EPR properties of the OEC (e.g., Bashkin et al., 1987; Kessissoglou et al., 1989; Sarneski et al., 1990) . Although all three model compounds have EPR signals that exhibit a ground S = 1/2 state signal with multiple lines, the only spectrum that resembles the OEC multiline signal (Kessissoglou et al., 1989) stems from a Mn"'-Mn"-Mn," trimer, whereas extended x-ray absorption fine structure (EXAFS) and x-ray absorption near edge spectroscopy studies indicate an average oxidation state greater than III for Mn in the S2 state of the OEC (Goodin et al., 1984; Yachandra et al., 1987; Penner-Hahn et al., 1990) .
EXAFS studies (MacLachlan et al., 1992; George et al., 1989; DeRose et al., 1994; Penner-Hahn et al., 1990) identify two Mn-metal interactions, one at 2.7 A, one at 3.3-3.7 A.
The data indicate that the PSII Mn ions each have one Mn neighbor at a distance of 2.7 A. There is general agreement that the scatterer at 3.3-3.7 A results from one Mn-metal interaction (-0.5 neighbor/Mn). Depending on analysis, this could represent Mn-Mn or Mn-Ca and could also include interactions from carbon, oxygen, and nitrogen. Based on the above arguments, Klein and coworkers (Yachandra et al., 1993) favor a model of a pair of di-,u-oxo bridged dimers, linked by one ,u-carboxylato bridge between one Mn ion of each pair. However, the EXAFS data are also consistent with two non-interacting pairs of Mn dimers, with a Ca ion associated with one of them. The data are not consistent with a trimeric cluster and a single isolated Mn ion within the OEC.
Parallel polarization EPR studies on the S, state of PSII (Dexheimer and Klein, 1992) under which such a dimer might give rise to the detailed multiline EPR spectrum observed in PSII. The large number of peaks resolved in the S-band multiline spectrum require that normally forbidden transitions have become substantially allowed. The most likely mechanism that could give rise to these normally forbidden transitions is one in which the two Mn centers in the protein have sufficiently low ligand symmetry so that Mn nuclear quadrupolar effects contribute significantly to the hyperfine interaction. Under such circumstances perturbation theory is inadequate to treat the spin Hamiltonian, and the problem must be solved numerically. The results reported here attempt to explain not only the general features of the multiline signal, but also its superhyperfine structure. Simulations were performed at three frequencies: S-band, X-band, and Q-band, for which good experimental data are currently available. A brief discussion of possible ligand geometries for the dimer, consistent with the fitted parameter set is also given.
MATERIALS AND METHODS

Experimental procedures
PSII samples were prepared from greenhouse-grown spinach as previously described (Pace et al., 1991) . The samples showed an activity of 500-600 mmol O2/mg chlorophyll (chl) h-1. The PSII samples were suspended at about 15 mg chl ml-' in a buffer containing 20 mM 2-(N-morpholino)-ethanesulfonic acid (ph 6.0 KOH), 10 mM MgCl2, 15 mM NaCl, and 400 mM sucrose. 4% ethanol and EDTA (1 mM) were added before illumination. The samples were allowed to adapt in the dark at room temperature for 10 min before illumination. For X-band measurements the samples were illuminated with green light for 4 min at 200 K, with subsequent storage at 77 K The light intensity was 140 W m-2. The X-band spectra have been reported earlier (Smith et al., 1993) . Samples for Q-band spectra were prepared similarly but illuminated for 3 min at 220 K.
EPR measurements were performed on a Varian (Palo Alto, CA) V-4502 spectrometer equipped with an Oxford* ESR9 helium-flow cryostat (Oxford Instruments, Witney, UK) as described previously (Pace et al., 1991) . Q-band measurements were performed on the same spectrometer using a homebuilt He flow cylindrical Q-band cavity, adapted from a Varian design (V4566) (R. Bramley, unpublished information). This was totally contained within an Oxford Instrument flow cryostat.
Theory and calculations
The magnetic exchange interaction Hamiltonian is taken to be -2JS1 2, where J is the exchange interaction parameter between the two Mn centers (Abragam and Bleaney, 1986) . From the temperature dependence of the signal intensity in the presence of ethanol, it is inferred that the multiline signal arises from a well-isolated ground state (gap to the nearest state >30 cm-' (Pace et al., 1991) ). The magnitude of the exchange interaction places the dimer in the strong coupling regime (DIJ << 1, where D is a single ion zero-field splitting parameter), so that the exchange interaction spin states can be taken as the zeroth order states. For an antiferromagnetically coupled pair the total spin will take the following values: ST = {1/2,3/2...7/2}, where ST = 1/2 is the ground state for a dimer with a total spin 7/2 (MnIII-MnN).
The effective spin Hamiltonian for the system in a particular total spin state may be written as
The fine structure interaction (S * D * S) does not contribute to the splitting for an S = 1/2 state. Considering only Mn hyperfine interactions, the simplified Hamiltonian takes this form:
Here Ho is the applied magnetic field vector, g the g-tensor, 1B the Bohr magneton, gn the nuclear g value (assumed scalar), and OBn the nuclear Bohr magneton. The subscripts 1 and 2 refer to the Mn"' and Mn"', respectively. Al and A2 are the effective nuclear hyperfine interaction tensors including the spin projection factors for each individual ion spin. In the strong coupling limit, this gives Aleffecfive (Mn'11) = 2al and A2 effective (Mnv) = -a2 (Sands and Dunham, 1975) , where al and a2 are the true ion parameters. Any contribution of the zero-field splitting term of the individual Mn ions (Zheng et al., 1994) to the hyperfine interaction is included in the effective hyperfine parameter A. Ql and Q2 are the quadrupole interaction tensors, and Ii and 12 are the nuclear spin vectors (I = 5/2).
The applied magnetic field is taken to be along the laboratory z axis and expanding the Hamiltonian in the laboratory frame yields the expression given in Appendix I.
The principal axis systems for all tensors are assumed to be coincident, as a first approximation. Introducing non-coincident tensors would add many more variables and make the already extensive calculations prohibitive. In this system, where the tensors are assumed to be coincident, the field H. makes polar angles 0, 4) with the molecular (principal axis) frame. Any diagonal (molecular frame) matrix, B', can be transformed into the laboratory frame matrix B by a unitary transformation of the form B = R * B ' R', where R is the matrix of direction cosines (see Appendix II).
The product spin functions m,1,mI2,m.) are taken as the basis functions for the Hamiltonian matrix (mil,mu2 = + 5/2,...-5/2;m, = -1/2,+1/2). The
Hamiltonian matrix, (m,,m,2,m,1 H mil,m,,,m,), generated in this way is 72 x 72 in size. The Hamiltonian is divided throughout by g,.jS, thereby generating energy levels in field units (Tesla, T). gi,, is the isotropic component of the g-tensor (1/3 the trace).
The matrix is diagonalized using a standard routine (NAG F02AXF, The Numerical Algorithms Group Ltd, Oxford, UK) and the energy levels derived directly from the eigenvalues. In the field range of the resulting X-and Q-band spectra, the energy levels vary linearly with the field to a good approximation, and hence the field position where the transition occurs can be found by simple extrapolation (see Fig. 1 ). The linear relationship breaks down at lower frequencies. At S-band this is overcome by dividing the field range into three sections, over which range the field again can be considered linear, and calculating the spectrum in three sections.
The experimental multiline spectra are powder pattern spectra. Therefore, a number of random angles 0, 4) as described above, that will suitably sample the random orientations ofthe molecule to the laboratory frame, have to be generated. For a system in which all tensor axes are coincident, it is sufficient to generate these angles over one octant of the unit sphere. The method chosen was to divide the surface of the octant into "tiles" of equal solid angle. To avoid biasing one edge of the octant an adjustment was made so that the average discrepancy in tiling was even along both meridians. A tile subtending an angle of 4.5°C along an edge results in 284 single crystal orientations added together to contribute to the powder pattern, which has been found to be more than adequate to reduce any sampling noise on the simulation (see Appendix III). A Gaussian envelope was centered on each individual transition, with the width parameter as the only lineshape variable. No dependence on ml or orientation was included.
The EPR transition probability (I) is proportional to (mup 3H1 *g S mdw,n) 12, where H1 is the amplitude of the applied microwave field magnetic vector and <mup I, direction and small g anisotropy (estimated at ±0.5% (Smith et al., 1993) The X-band spectrum (Fig. 3, A and B) seen here has been reported previously (Smith et al., 1993) . The S-band spectrum (Fig. 4 , A and B) is reproduced with permission (Haddy et al., 1989) . In addition to the main X-band spectrum, spectra of the edges of the multiline signal were carefully acquired to ascertain the width of the spectra. Other workers (Bonvoisin et al., 1992) have indicated peaks below 240 mT and above 410 mT in addition to those 18-20 peaks commonly observed. When simulating the superhyperfine structure, these additional peaks of varying low intensity become important. Variable frequency studies at X-band (R. J. Pace and P. Smith, unpublished data) have shown that peaks in addition to the -22 peaks attributed to the multiline signal have an apparent g-value quite different from that of the multiline signal. These peaks have therefore not been included. The X-band spectrum of -22 peaks gives an overall width differing from that reported by us previously (Smith et al., 1993) . The spectral edge, as we now see it, corresponds closely to the width of the simulation (see Fig. 3, A and B) .
Simulations
The simulated spectra are shown in Fig. 2-4 and the parameters used listed in Table 1 . Fig. 5 . Often the multiline spectra show an underlying broad signal centered around g = 2. The spectra from PSII preparations in the presence of ethanol (4%) as shown here have less of this broad signal than spectra from preparations without added alcohol (see Pace et al., 1991) . The amount of this underlying signal is variable, and it appears to have a different temperature dependence from that of the multiline signal. Some of it is present in dark adapted samples, and some may be photoinduced (Pace et al., 1991) . It is clear from S-band spectra (see Haddy et al., 1989) The underlying broad signal, as shown in Pace et al. (1991) , has been subtracted from the experimental spectrum. Examination of the integrated experimental spectra (as seen in Fig. 6 ) is used to ensure a consistent subtraction of the (derivative) underlying signal. The total intensity is calculated by a double integration and used to scale the experimental spectrum to the simulated spectrum.
To simulate the spectra, the general procedure has been to start with a minimum number of parameters, incorporating additional interactions as required. Once an overall general fit has been achieved, by single calculations, the simplex routine was linked to the program. Initially only the major parameters were allowed to vary, gradually adding all parameters to vary in the minimization. The parameters were then swapped between X-and Q-band minimizations. In this fashion an overall fit was achieved. The S-band spectrum is FIGURE 2 (A and B) Q-band simulated and experimental spectra, spectrometer conditions: frequency 34.64 GHz, 0.5 mT modulation amplitude, 30 mW microwave power, 100 kHz modulation frequency, temperature 8 K. Spectra are the averages of 15 scans, and the upfield and downfield regions were acquired on separate 100 mT scans. The parameters used in the simulation are listed in Table 1 . Arrow here and in Fig.  3 The minimization for the three frequencies has indicated a value near 2.00, but the error may be ±0.014.
Quadrupole interaction
The quadrupole interaction depends on the product of the nuclear quadrupole moment and the nonspherically symmetric component of the electric field gradient at the nucleus.
FIGURE 4 (A and B) S-band simulated spectrum and experimental spectrum as reported in (Haddy et al., 1989) (Haddy et al., 1994) , is an indication that the environment for the OEC may be highly strained, leading to large nuclear quadrupolar effects. For a quadrupole interaction of the magnitude seen here, the ligand distribution must be highly nonsymmetric, i.e., at least one ligand must be weakly bound (ionic or distant) or not be present at all. In addition, because the magnitude of the quadrupole interaction has a (l/r3) dependency (Slichter, 1978) , where r is the distance between the electron charge and the nucleus, the charge density must be close to the central cation to contribute significantly to the interaction, i.e., the ligands must be backbonding into vacant metal orbitals. The quadrupole interaction at Mn"' is quasi-axial. The sign of the quadrupole interaction (Q1negative) indicates that the bonding is covalent. An attempt was made to fit a quadrupole interaction with Ql positive (i.e., the electric field gradient was dominated by Mn d orbital charge distribution), but no satisfactory composite fit could be achieved over the three frequencies. LCAO Xa calculations of magnetic exchange dicating that the ligands are concentrated in thi:
z direction must be depleted of at least one ligo an interaction to be seen (see Fig. 7 ). The interaction at MnIv is also quasi-axial bui about the x axis, indicating that the net charge therefore the ligands are concentrated in a plan the y and z axes. The interaction is similar in n Integrated experimental X-band spectrum after the underlying broad signal has been subtracted from the derivative spectrum. The center section has been removed, as it contains a component from a tyrosine radical. the quadrupole term for Mn"I. (Zheng et al., 1994; Haddy et al., 1994) . The degree nagnitude to of axial anisotropy is substantially larger, however, for the Mn"' in the OEC. The isotropic hyperfine value, aiso, for Mn"' of -8.4 mT is within the expected range (Al'tshuler and Kozyrev, 1974) . The symmetry of the hyperfine interaction is consistent with that of the quadrupole interaction, together indicating that the highest energy orbital, dX2 2, is vacant of Quadrupole unpaired spin density, and the dZ2 orbital has only one ligand aligned with it.
The anisotropic hyperfine interaction at Mn'v of the OEC is to our knowledge unprecedented. In considering whether such a value is reasonable we note that the hyperfine interactions of the Mn dimer must be unusual to give rise to the >20 line spectra, with superhyperfine structure that sets the Hyperfine multiline signal apart from other systems such as the manganese catalase and model compounds. The parameters in- , and c for dyz, dxz, and dy respectively, the above pattern requires that b>a>c (Appendix IV). That b is largest is totally consistent with the x axis being ligand deficient, as already inferred above from the quadrupole term. The fact that c is smallest would mean that the putative histidine ligand along the y axis is oriented with the p-orbital of the wr system parallel to the xy plane (for maximum interaction, see Fig. 5 .) Two less strongly ir bonding ligands would be located along the z axis.
The above interpretation, in terms of the Mn dimer being coordinatively unsaturated and possessing low symmetry, is tempting since relatively few likely ligands to Mn in the proteins of PSII have been identified. To date, all candidates are on the Dl peptide of the PSII reaction center core. Diner and coworkers, using site-directed mutagenesis, have identified Asp 170, His 190, Tyr 161, His 332, Glu 333, Asp 342, and Ala 344 (carboxy terminal residue) on the Dl protein (Diner et al., 1991; Nixon and Diner, 1992) as important for the assembly of the Mn cluster. Therefore there are three to four possible ligands at present for each Mn dimer, one a histidine. The presence of histidine as a direct ligand to the manganese has been confirmed by electron spin echo envelope modulation experiments (Tang et al., 1994) . As the complex accumulates charge during the oxidation cycle, further stabilization of the charge via interaction with 'r-orbitals would be favorable.
The aiso of -9.4 mT for Mn"' is larger than expected. Factors that may contribute are:
1. Hyperfine constants for an Mn"v ion in a low coordination environment can be very large. Ferrante et al. (1977) recorded the spectra for molecular MnO2 (DAh symmetry) in an argon matrix and found that All was 12.5 mT and A, was 26.0 mT (Ferrante et al., 1977) . This arises from significant unpaired spin density in the metal 4s orbital. The large hyperfine values obtained here may merely be a reflection of an incomplete coordination environment for MnIV in the protein.
2. The effect of the individual ion crystal field (D) parameters in the strong coupling regime (D/J<<1) (Zheng et al., 1994) on the effective hyperfine parameters in a Mn'-Mn"' dimer is greater for the Mn"' than for the Mn"'. For example, taking J --50 cm-', which is large enough to ensure an isolated ground state, together with typical D values for Mn"' of -4 cm-' and for Mn"' of --1cm'1 (Al'tshuler and Kozyrev, 1974) , results in effective hyperfine parameters of A1 -2.4 al and A2 --1.4 a2 (Mn"'1 and Mnv, respectively). These in turn give isolated ion values of a1iso --7.4 mT and a2iso --7.5 mT. Such values are totally "conventional" (Al'tshuler and Kozyrev, 1974) and caution against using simple arguments based on the multiline pattern width to exlude dimer models. Notwithstanding this, however, the quadrupole interaction indicates an unusual ligand geometry, so that the large aiso is more likely, in our view, to result from a distorted ligand environment, which is further supported by the low (rhombic) symmetry of the hyperfine parameters. Of course some combination of the above effects could be operating.
Linewidth
A change in linewidth was observed with the increase in frequency, indicating that g-strain broadening is important. This is expected due to the slightly larger g-anisotropy seen in PSII compared with model compounds and the manganese catalase, together with the significantly larger hyperfine anisotropy (Haddy et al., 1994; Zheng et al., 1994) . It is interesting to note that the increase in linewidth is linear between S-and X-band, but the linearity breaks down at Q-band, where the linewidth is approximately the same as at X-band. This could be due to a contribution of relaxation effects, which are inversely dependent on the applied frequency (the > 1 regime).
Although the simulations are, in our judgment, convincing, particularly at X-and Q-bands, they are not yet of the quality achieved for simpler dimer systems, which require hyperfine-only interactions. Of course the multiline pattern is far more complex than any such dimer spectra and the substantial involvement of partially allowed transitions means that both field positions and intensities must be accurately reproduced. This is particularly challenging at S-band. It is likely that some of the discrepancies observed in the simulations may be indications of non-coincidence of the principal axis directions of the five tensors associated with the two Mn ions. As noted above, this is most evident along the z axis, where the greatest parameter variation with frequency is observed. We suspect that the four hyperfime tensors are probably reasonably well aligned, but that the g-tensor alignment is different from the rest. Exploratory simulations have shown that a coincident z axis, with noncoincident x and y axes of the g-tensor to the hyperfine tensors, does not on its own improve the fit.
Finally, the simulations reported here do not include any orientation dependence or m, dependence of the linewidth.
Although this appears not to be a significant deficiency at X-and Q-bands, it is clear from Fig. 2, A A (e.g., Christou, 1989 
APPENDIX III
Generation of random angles in one octant of the unit sphere for calculation of powder pattern spectra (Fig. 8) . z x y FIGURE 8 Length of arc for an angle increment 80 is r AH (r = 1). Length of arc for angle increment 84 is 84 sinO, which is set equal to 80. For each step n9 of AH an approximate square on the surface of the unit sphere is described by O.80.sin n.80. Number of tiles (Nt) going from x to y axis is given by Nt = iIr/(2 * 80) (rounded to integer). The offset required to balance the tiles across the octant, OFS = (7r/2 -84 * Nt)/2. The angle 4, for each step of 80, is then given by: OFS + n.80 as n, is varied from 1 to Nt. A tile subtending an angle of 4.5°C along an edge results in 284 spectra added together to contribute to the powder pattern.
APPENDIX IV
For each electron in a pure metal 3d, t2g orbital, the nuclear hyperfine dipoledipole interaction tensor is given by: All = -g,g.f3f3. (r 3) 2/7S = -2K A1 = K where S is the total electron spin of the ion (Abragam and Bleaney, 1986 , chapter 7). The 1 1 direction is normal to the plane of the orbital lobes, i.e., is the z direction for d, etc. Assuming (r`) -5.3 au-3 for Mn"' (Abragam, 1986, chapter This calculation is only crude, in that it assumes orbital independent free ion values for (rf3) among other things, but indicates the b > a > c, and that c is relatively small.
